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[i] This paper examines monthly variability of climatological mean sea surface
temperature (SST) in the Black Sea. A total of eight products, including
observation- and model-based SST climatologies, are formed and compared with each
other. Some of the observation-based SST data sets include only satellite measurements,
while others combine in situ temperatures, such as those from moored and drifter buoys,
with satellite data. Climatologies for numerical weather prediction (NWP) model-based
data sets are formed using high temporal resolution (6 hourly) surface temperatures.
Spatial resolution of these SST products varies greatly (z 4 km to 280 kin), with the
observation-based climatologies typically finer than the NWP-based climatologies. In the
interior, all data sets are in general agreement, with annual mean SST biases typically
within ±0.2*C in comparison to the finest resolution (4 kin) satellite-based Pathfinder
climatology. Major differences are near the land-sea boundaries where model-based SSTs
pose serious biases (as much as >5*C). Such errors are due to improper contamination of
surface temperatures over land since coarse resolution model-based products cannot
distinguish land and sea near the coastal boundaries. A creeping sea-fill interpolation
improves accuracy of coastal SSTs from NWP climatologies, such as European Centre for
Medium-Range Weather Forecast. All climatologies are also evaluated against
historical in situ SSTs during 1942-2007. These comparisons confirm the relatively better
accuracy of the observation-based climatologies.
Citation: Kara, A. B., C. N. Barron, A. J. Wallcraft, T. Oguz, and K. S. Casey (2008), Advantages of fine resolution SSTs for small

ocean basins: Evaluation in the Black Sea, J. Geophys. Res., 113, C08013, doi:10.1029/2007JC004569.

1. Introduction basin for examining SST variability in order to explore the
importance of spatial resolution due to the existence of a

[21 The ocean is one of the key elements in the climate wide continental shelf. Changes in SST have also been
system through transports of heat and fresh water and shown to have strong influence on the biological properties
exchanges of these with the atmosphere. Sea surface tem- o h ein[.. gze L 03.Freape S
perature (SST) plays an important role in these exchange of the region [e.g., Oguz et a., 20031. For example, a SST
p resses, spcialys anrimporantle these euxang product having a spatial resolution of 4 km, as shown in
processes, especially through sensible heat flux, in heating Figure 1, could be quite different from one having much
or cooling the ocean [e.g., Fairall et al., 2003]. In turn, coarser spatial resolution, especially near the land-sea
surface heat fluxes may provide a negative feedback process boundaries. A typical product from Numerical Weather
for SST under some circumstances. Having reliable infor- Prediction (NWP) centers provides high temporal resolution
mation about climatological mean SST is therefore essential (e.g., 6 h) historical surface temperatures over land and sea.
for understanding these larger balances. However, as will be further discussed in section 2, their grid

[31 Obtaining accurate SST fields is even a more chal- resolutions (e.g., 1.875* x 1.875*), are too coarse for the
lenging task for for semi-enclosed or enclosed basins, such Black Sea, where the latitudinal range of the region is
as the Black Sea, because such relatively small basins are gdominated by coastline orientation, shape and topography, generally <4° and even less from east to west. Such NWP
mingate bycaspatine rie tion,a v s an topograp products do not have a clear distinction between land and

making the spatial resolution of a given data set an sea at the coastline. Therefore they may not provide
important factor. In particular, the Black Sea is an ideal accurate information for a range of climate, biological and

other studies, that rely on accurate SST products in the

'Naval Research Laboratory, Oceanography Division, Stennis Space Black Sea.
Center, Mississippi, USA. [4] The need for a fine spatial resolution product is not

2institute of Marine Sciences, Middle East Technical University, the only reason that makes SST accuracy a challenging
Erdemli, Icel, Turkey. task in the Black Sea. Scattered in situ SST observations

3NOAA National Oceanographic Data Center, Silver Spring, Maryland, from moored buoys, conventional ship-based measure-
USA. ments, drifting buoys, etc., may not provide enough spatial

Copyright 2008 by the American Geophysical Union. and temporal coverage to construct a reliable climatology.
0148-0227/08/2007JC004569S09.00 While frequent repeat observations and coverage of satel-
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Figure 1. Climatological (annual) mean SST (°C) in the Black Sea. Bottom topography contours are
also overlain, starting from 400 m with 400 m intervals.

lite-based SST measurements can be sufficient for creating obtained or formed from their data, but in this paper we
a fine resolution gridded SST product, they may suffer limit ourselves readily available global ones.
from excessive cloudiness over the Black Sea, which is
typically influenced by European or Siberian air masses 2.1. Description of SST Climatologies
and various teleconnection patterns [e.g., Oguz el al., [7] The first product in Table 1 is the satellite-based 4 km
2006]. Because most of these satellite systems have relied resolution PATHF climatology. The original version of
on infrared estimates, clouds would limit accuracy of Pathfinder SST climatology (version 4) is at s9 km reso-
spatially varying SST fields [e.g., Kara and Barron, lution [Kilpatrik et al., 2001]. It is derived from Advanced
2007]. Very-High Resolution Radiometer (AVHRR) Pathfinder

[5] No systematic analyses and assessment of SST SST data during 1985-2001. The data processing was done
variability provided by different data sources are avail- using Infrared observations from National Oceanic and
able in the Black Sea. The present paper serves this Atmospheric Administration (NOAA) polar orbiting satel-
purpose and provides a comprehensive analysis of SST lites. The major shortcoming of this data set is the relatively
variability in the Black Sea, constructed by a total of crude land-mask, creating significant problems for coastal
eight observation- and NWP model-based products. In applications. Later, another version of the climatology was
particular, major purposes of this paper are to (1) released. The updated product uses most of the same
introduce and examine SST climatologies from a variety techniques presented by Casey and Cornillon [1999], and
of sources, (2) discuss their accuracies with respect to a
fine resolution satellite-based data set and in situ data, (3) Table 1. Data Sources From Which Monthly SST Climatologies
demonstrate possible inaccuracies in NWP SSTs resulting Were Obtained or Formeda
from land contamination near the coastal boundaries due Acronym ame of the SST Product
to coarse grid resolution, and (4) propose a creeping sea-
fill methodology to reduce land contamination in forming PATHF Advanced Very High Resolution Radiometer

(AVHRR) Pathfinder
SST climatologies. MODAS Modular Ocean Data Assimilation System

NOAA National Oceanic and Atmospheric
Administration

2. SST Products WOA01 World Ocean Atlas 2001
[6] Table I lists the product abbreviations used through- NOGAPS Navy Operational Global Atmospheric

Prediction System
out the text. All climatologies are configured for the global ERA40 European Centre for Medium-Range
ocean, and their grid resolutions are given in Table 2, along Weather Forecasts
with the original sampling time periods and data sources NCEPI National Centers for Environmental
used for constructing them. For the purpose of this study, Prediction, Re-Analysis I
monthly mean SST from each climatology is processed for NCEP2 National Centers for Environmental
the Black Sea as will be described in section 2.2. There are Prediction, Re-Analysis 2

*Time period during which SST climatology was formed is different for
other sources of SST climatologies which can be directly each product
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Table 2. Time Intervals and Grid Resolutions for SST Products

Data Set Interval Grid Resolution Time Reference Data Source

PATHF 1985-2001 0.040' x 0.040* variable Casey and Cornllon [1999] satellite
MODAS 1993-2005 0.1250 x 0.1250 daily Barron and Kara [2006] satellite only
NOAA 1971-2000 1.000' x 1.0000 variable Reynolds et al. [2002 satellite, in situ
WOA01 1773-2001 1.000o x 1.0000 variable Stephens et a. [2002] in situ only
NOGAPS 1998-2005 1.000 x 1.000* 3 hourly Rosmond et al. [2002] model-based
ERA40 1979-2002 1.125* x 1.125' 6 hourly Kdllberg et a. [2004] model-based
NCEPI 1979-2002 1.875' x 1.8750 6 hourly Kalnay et a. [1996] model-based
NCEP2 1979-2002 1.875' x 1.875* 6 hourly Kanamitsu et al. [2002] model-based

has a resolution of 4 km. Key improvements in the new products (Table 2). SSTs used in WOA0I were averaged
PATHF climatology include a more accurate, consistent by 1V squares for input to the objective analysis [e.g.,
land mask. The monthly climatologies were derived using Thiebaux and Pedder, 1987; Daley, 1991]. The initial
data only with a quality flag of 7. A median filter is applied objective analyses usually contained some large-scale gra-
to fill in the data gaps, and a median smoother is used for dients over a small area, or bulls eyes. These unrealistic
the entire field to remove small-scale noise. Note that a new features generally occurred because of the difficulty in
Pathfinder climatology using 1985-2006 is actively being identifying nonrepresentative values in data sparse areas.
developed at NOAA, and it is not available as of this [11] Of the monthly SST climatologies formed from 6
writing. hourly SSTs from NWP centers, NOGAPS is the finest

[8] Unlike PATHF, the NOAA SST climatology was resolution (10 x 1) of all the model products (Table 2). As
constructed using both in situ and satellite SSTs for the in other NWP products, NOGAPS applies a modem vari-
1971-2000 base period as described by Reynolds et al. ational data assimilation technique for the past conventional
[2002]. In situ data are obtained from ships and buoys, and satellite observations. The ERA-40 project obtained a
including both moored and drifting buoys. These are comprehensive archive of past observations from the Na-
combined with SSTs from AVHRR satellite retrievals to tional Centers for Environmental Prediction (NCEP) to
obtain the final product. NOAA SST is provided on a 10 x supplement its original observational archives. Two NCEP
1 grid over the global ocean. The climatology was built re-analysis products (NCEP1 and NCEP2) have relatively
from two intermediate climatologies: a 2' SST climatology coarse grid resolutions of 1.875* x 1.8750. Obviously, such
developed from in situ data for the period 1971-2000, and a grid resolution is even too coarse for a small ocean basin,
1° SST climatology for the period 1982-2000 derived from such as the Black Sea. NCEP2 is intended to improve
the second version optimum interpolation (01) SST analy- NCEPI by fixing the errors and by updating the parameter-
sis. In the midlatitudes, including the Black Sea, the izations of the physical processes. Similar to the ERA-40
changes in NOAA SST are largely due to the difference product, 6 hourly SSTs were used to form monthly SST
in the base period and are typically small, with absolute climatologies from NCEPI and NCEP2 during the common
differences generally <0.20C. time period of 1979-2002. Further details about each

[9] MODAS SST is a purely satellite-based product NWP-based product, including model parameterizations
[Barron and Kara, 2006], covering 1993-2005. It is and data assimilation procedures, can be found in the
produced on a uniform 1/8' (latitude, longitude) grid by references provided in Table 2.
an 01 of AVHRR nonlinear SST observations processed by
the Naval Oceanographic Office [May et al., 1998]. All 2.2. Construction of SST Climatologles for the Black

operational global AVHRR data from 1993 to the present Sea
have been used in the MODAS analysis, reflecting on any [12] We obtain monthly SST climatologies for PATHF,
given day the collected global coverage data from one to NOAA and WOAOI directly from their original sources.
three of the NOAA polar orbiters. The 01 approach is These are termed observation-based products since they are
based on joint emphasis of both SST accuracy and fidelity based on various type of observational SSTs (e.g., buoy,
in locating and quantifying SST gradients. The MODAS XBT, CTD) and satellite measurements of SST. Observa-
analysis uses a Gaussian error covariance with 60-h time tional sampling is highly variable, and these products use
and 20-km length scales, smaller than those used in the different interpolation techniques and smoothing procedures
NOAA climatology. These scales were determined subjec- to form monthly mean SST fields. We produced an obser-
tively to balance fidelity in representing fronts with miti- vation-based monthly SST climatology from equally
gation of spurious gradients around data-sparse regions. weighted daily MODAS SST analyses from 1993 through
For extended cloudy periods, the first guess and its 2005.
expected error tend toward climatological means and stan- [13] We construct monthly SST climatologies from model
dard deviations, outputs which are available from NWP centers. These so-

[io] The WOAO1 climatology does not include any called operational or re-analyzed model-based products are
satellite-based measurements. It is based on observational NOGAPS, ERA40, NCEPI and NCEP2 and have high
SSTs from various sources, such as drifting buoy data and temporal resolution (6 h). NWP centers provide surface
eXpendable BathyThermograph (XBT) measurements. The temperature values both over land and sea. They cannot
time period (1773-2001) during which the climatology distinguish a precise transition between land and sea due to
constructed is the longest one in comparison to other their limited grid resolutions. The temperature on the water
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surface is actually called SST, while surface temperature spectively (Figure 2). Spatial variability in monthly SST
over land is typically designated as soil temperature. from all products clearly reveals commonly known

[14] ERA40, NCEPI, and NCEP2 have a common time relatively warm SSTs in the easternmost part of the Black
period 1979-2002 during which monthly climatologies are Sea and cold SSTs in the northwestern shelf. SSTs from the
formed using 6 hourly SST outputs at each ocean grid fine resolution PATHF and MODAS reveal existence of
(Table 2). Climatologies were formed starting from 1979 distinct ocean fronts in the northwestern shelf in February
since earlier time periods did not include sufficient observa- and partly in November. These are less evident in other
tional data to constrain the assimilation. The common interval products and during other time periods. All SST climatol-
eliminates potential differences associated with the sampling ogies (except NCEP2) exhibit relatively warm temperatures
period, and the 24-year length (1979 to 2002) is sufficient to in the easternmost part of the Black Sea in all months with
produce a reasonable climatology. Unfortunately, NOGAPS respect to the rest of the region.
data do not extend to years prior to 1998, limiting us [19] The most notable feature of spatial SST evident from
to use 6 hourly SSTs starting from 1998. Thus for NOGAPS Figure 2 is the existence of unrealistically low SSTs near the
a 8-year climatology (1998-2005) is formed, land-sea boundaries. Such features are noted from all NWP

products (NOGAPS, ERA40, NCEPI and NCEP2), and
3. Main Features of SST Clmatologies they are highly questionable in comparison to the observa-

tion-based climatologies. The problem is particularly seri-
[15] Monthly mean SST variability from all products ous for NCEPI and NCEP2, both of which are the coarsest

described in section 2 is examined for the Black Sea. resolution (1.875* x 1.875*) NWP products. The main
Throughout the text we follow Locarnini et al. [2006] in reason for these unrealistic values is that some of the ocean
our definition of the Northern Hemisphere seasons: January, points near the coastal boundaries are contaminated by land
February, and March (winter); April, May, and June values. This means that terrestrial surface soil temperature
(spring); July, August, and September (summer); October, from NWP products becomes mapped over the sea,
November, and December (fall). For consistency, SSTs from affecting SST because the grid point cannot separate land
all products are interpolated to a common grid of 4 km, the or sea. Because NCEP has relatively coarse resolution, the
finest resolution of the products considered (i.e., PATHF). land contamination is significantly large. Knowing that the

3.1. Monthly SST Variability in the Black Sea land-sea heterogeneity, such as the land roughness length
that affects heat transfer can be significantly larger than

[16] Climatological annual mean of SST formed fr-om ocean and makes surface temperature just above the land
monthly mean PATHF is already shown to demonstrate typically different than temperature on the sea surface.
overall SST variations in the entire basin (Figure 1). The Further details about the reasons of incorrect SST from
climatology is from 4 km monthly mean PATH SST values, NWP products near land-sea boundaries will be discussed
and formed from measurements from the NOAA polar in section 4.
orbiting satellites during 1985-2001. Each satellite was [20] Basin-averaged SST is calculated in the Black Sea,
launched in a sun-synchronous orbit, with specified ascend- providing a smmry of monthly means for each product
ing and descending node times. The ascending node time is (Figure 3). A strong seasonal cycle in SST is evident from
the time when the satellite passes from south to north over all products. Roughly, a basin-averaged mean SST value of
the equator, and the descending node time is when it passes 80C during winter increases by 15*C, to a value of ;22C
from north to south over the equator. Each orbit requires during summer. This is generally evident from all SST
about 102 min to complete, and the swaths observed by the climatologies (Figure 3a). MODAS appears to have the
satellite overlap, resulting in possibly multiple observations warmest SSTs, while NCEP I and NCEP2 are cool outliers,
from multiple orbits at any given spot on Earth. The having relatively colder SSTs in all months (Table 3). Land
Pathfinder algorithm combines the multiple observations contamination of surface temperature to SST near coastal
as long as they have they same quality level, boundaries is main reason of such cold temperatures as will

[17] The bottom topography for the Black Sea in Figure 1 be described in detail.
was constructed from the 1 minute resolution data from [21] Taking the finest resolution PATHF climatology as a
General Bathymetric Chart of the Oceans (GEBCO) avail- reference, monthly mean differences in basin-averages SSTs
able online at http://www.bodc.ac.uk/products/bodc-prod- are computed. While observation-based MODAS, NOAA
ucts/gebco/. The northwestern shelf where the water and WOAOI climatologies are generally slightly warmer
depth is typically <100 m is the coldest region, with SST (<0.5'C) than PATHF, NWP model-based climatologies are
values generally <14.5'C. The easternmost part of the often significantly colder (>0.5*C) than PATHF climatology
Black Sea is the warmest, with mean SST exceeding (Figure 3b). A separate study is underway to clearly identify
>16*C. The most interesting feature of the annual mean why the PATH and NOAA climatologies are biased with
SST map is the existence of fronts over the northwestern respect to each other, but possible reasons include differing
shelf (colors in blue and cyan) and the eastern region cloud masking techniques and approaches to account for
(yellow), evident from relatively fine resolution PATHF water vapor contamination of the infrared measurements
climatology, revealing the importance of horizontal resolu- from the AVHRR instruments.
tion in identifying such features in a small ocean basin, [22] Unlike the other observation-based climatologies,
such as the Black Sea. MODAS has consistent warm bias in all months. This warm

[if] Here, for simplicity, we show SSTs in February, bias is due mostly to relaxation fields in the satellite-based
May, August, and November (i.e., midmonths of each MODAS SST analysis. MODAS includes no in situ obser-
season) to represent winter, spring, summer and fall, re-
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Figure 2. Climatological mean SST constructed fiom eight different data sources in February, May,
August, and November. Abbreviations for each data source are provided in Table 1.

vations so background relaxation becomes important during 3.2. Evaluations of SST Climatologles
persistently cloudy periods, such as the Black Sea winter. [23] For statistical comparisons of SST climatologies,
That is typically the main source of the MODAS SST bias monthly mean values from each product are used. The
(Kara and Barron, 2007]. finest resolution (4 kin) PATHF is taken as the standard
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Figure 3. (a) Basin-averaged monthly mean SST averaged in the Black Sea, and (b) the basin-averaged
monthly mean SST difference for each climatology when SST from Pathfinder is subtracted from the
corresponding monthly SST from other climatologies.

SST product, i.e., other products are evaluated with respect (other) values, respectively. ME and RMS are then
to the PATHF climatology. Monthly mean time series of expressed as follows:
SST at each ocean grid point from PATHF and others are ME
compared using two statistical metrics: mean error (ME),
root mean square (RMS) difference.

[241 LetX(i= 1,2, ..- ,12) be the set of l2 monthly mean 1/2
PATHF SST values, and let Y (i = 1,2,... ,12) be the set of RMS = (Yi Xi)2]1/2
12 monthly mean "other" SST values, where the other
refers to each of MODAS, NOAA, WOA0l, NOGAPS,
ERA40, NCEP I, and NCEP2. In addition, let X (7) and ax Here, ME simply represents annual mean bias of SST
(ay) be the means and standard deviations of the PATHF products with respect to the PATHF climatology, and RMS

Table 3. Basin-Averaged Monthly Mean SST in the Black Sea

Month PATHF, oC MODAS, -C NOAA, -C WOAO1, -C NOGAPS, *C ERA40, "C NCEPI, C NCEP2, *C

Jan 8.1 8.9 8.5 7.9 7.2 7.1 5.5 4.6
Feb 7 7.6 7.5 7.5 6.5 6.3 5 4.1
Mar 7.2 7.7 7.7 7.7 7.2 6.9 6.1 5
Apr 9.5 9.8 10.1 9.4 10 9.8 9.1 8.2
May 14.3 15.0 14.7 15 15.1 14.5 14.1 13.2
Jun 20.6 20.7 20 20.4 20.4 19.7 19.1 18.3
Jul 23.9 24.3 23 22 24.2 22.8 22.4 21.5
Aug 24.8 25.4 23.9 23.6 25.1 23.5 23 22.1
Sep 22.1 22.6 21.6 21.6 21.9 20.7 20.2 19.2
Oct 18.5 19 18.1 18.1 17.9 16.9 16 15
Nov 14 14.7 13.9 13 13.3 12.3 11.1 10.1
Dec 10.1 11.3 10.5 11.3 9.5 9 7.3 6.5
Mean 15 15.6 14.9 14.8 14.9 14.1 13.2 12.3
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Figure 4. Spatial maps of annual mean bias (ME) and RMS difference between Pathfinder SST
climatology and other ones. For ME, the Pathfinder SST is subtracted from other climatologies, and RMS
SST difference is calculated over the seasonal cycle as explained in the text.

is absolute measure of the distance between the SST time NWP model-based products of NOGAPS, ERA40, NCEPI,
series. RMS difference is calculated over the seasonal cycle, and NCEP2 are very similar to those from PATHF in the

[25] Spatial maps of mean SST bias and RMS SST interior where there is no land-contamination of surface
difference calculated at each ocean grid based on monthly temperature.
mean values are shown in Figure 4. All products agree well [26] RMS SST differences are generally small (<] °C) in
in the interior of the Black Sea. Annual mean SST bias the interior except for the coarse resolution NCEP prod-
with respect to the PATHF climatology is within -0.5°C ucts, both of which have relatively large RMS SST differ-
(Figure 4a). The agreement is remarkable even though the ences with respect to PATHF, especially in the eastern part
periods during which the observation-based SST climatol- of the region (Figure 4b). In fact, basin-averaged RMS
ogies were formed are different (Table 2). Even SSTs from values are the largest with values of 2.2*C and 3C for
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Table 4. Basin-Averaged SST Error Statistics in the Black Sea ever, RMS SSTs for MODAS and NOAA are generally

Product Comparison ME, OC Rms, °C similar (Figures 6c and 6d).
PATHF versus MODAS 0.4 0.7
PATHF versus NOAA -0.1 0.6 3 Sampling Period for SST Clmatologies
PATHF versus WOA01 -0.2 0.9 [29] There can be many factors contributing differences
PATHF versus NOGAPS -0.1 11 among the SST products. Of the NWP model-based SST
PATHF versus ERA40 -0.9 1.3 climatologies of NOGAPS, ERA40, NCEPI and NCEP2,
PATHF versus NCEP1 -1.8 2.2
PATHF versus NCEP2 -2.7 3 the last three were all formed during 1979-2002 as men-

tioned earlier. This rules out the possibility of differences
resulting from the time period. Possible reasons for differ-
ences among these products are that numerical models from

NCEP1 and NCEP2 (Table 4). Note that both ME and the NWP centers have different boundary layer parameter-
RMS are computed at each grid point, and basin averages izations, data assimilation methods and different types of
are then found. Although ME and RMS are typically large satellite SSTs used in the assimilations. Therefore differ-
for NCEPI and NCEP2 in comparison to other products, ences in SSTs do exist regardless of the fact that climatol-
those are mostly from errors near the land-sea boundaries ogies from last three were formed using the same time
due to improper representation of land-sea masks (see interval of 1979-2002.
section 4). [30] In addition to the above mentioned factors, system-

[27] Box-plots of annual mean SST bias and RMS SST atic errors of the assimilation model clearly influence
difference shown in Figure 4 are produced to identify analyses in data-sparse regions such as the Black Sea, while
outliers and compare distributions for each SST product the strength of operational products is that they provide
The box for each product contains the middle 50% (i.e., gridded data with high temporal resolution (i.e., 6 hourly).
median) of the annual mean bias (Figure 5a) and the RMS NCEP2 re-analysis was initially performed to fill the short-
SST difference (Figure 5b). Median ME and RMS values comings of NCEP1 re-analysis. However, we demonstrated
are generally similar to each other for all products except that SSTs from NCEP2 are slightly worse than those from
for NCEPI and NCEP2. The upper (lower) hinge of the NCEPI. The reasons of why the SST from the second re-
box in the plots marks the 75th (25th) percentile of the ME analysis turned out to be worse than the first one are beyond
and RMS. The range of the middle two quartiles is known the scope of this paper.
as the interquartile range, which is very close to each other
for the observation-based SST climatologies of MODAS,
NOAA and WOAOI. The median values within the box are 1a) ,3 plots of asoom. o &.T hi"s for SST,-hintologi-,
not equidistant for the NWP model-based climatologies, 2 2
revealing that both ME and RMS are skewed. As further 0i 0'
evident from the lower whiskers in Figure 5, SSTs from 0 + i
NOGAPS, ERA40, NCEPI and NCEP can be colder than -2 I-2
PATHF by 8C or even more. Similarly, RMS SST differ- o-4 -4 o
ences with respect to PATHF can even be as large as 10C I
or more for NCEPI and NCEP2. -6

[28] Finally, we further examine SST differences among -8 -8
the observation-based climatologies, given that they provide -0 i -10
similar SSTs in comparison to these from PATHF. For this -12
purpose, plots for mean SST bias and RMS SST difference M OAS NoAA woA01 o0APS EoA40 WCEN- NCEP 12

for MODAS, NOAA, and WOAO1, which are already
shown in Figure 4, are reproduced but with much smaller 12of 12

intervals (Figure 6). The most impressive feature is that
there is almost no mean SST bias between PATHF and 101 T 0
NOAA. In fact, NOAA SST bias in comparison to PATHF 88
are within ±0.2°C for 81.2% of the Black Sea. Note that we j 1
do take into account weights by actual grid cell area in ; 6
computing percentage values (Figures 6a and 6b). Not E
surprisingly, SSTs in the NOAA SST climatology is created 4 4
using a bias adjustment procedure. As explained by Smith 12

and Reynolds [1998], while the seasonal cycle of the 2, I 1 -g
adjustment has an amplitude of <0.3 C at most inland seas - -... . . . '0
over the global ocean, the amplitude exceeds 0.5°C in the MOAs HOA WOA01 NOGAPS £8A40 NCPI NCEP2

relatively small Black Sea. The MODAS SST is systemat- Figure 5. Box-plots of (a) annual mean SST bias and
ically warmer than the PATHF SST, with 47.8% of the biasvcalus war than bte PATHFC STe analsis pre d the (b) RMS SST difference over the seasonal cycle. Both are
values are >0.2C but <0.4C. The analysis presented in the with respect to the Pathfinder climatology. The box plot for
next subsection suggests that this can mainly be due to each SST product shows median (drawn as a line in thesampling bias, with warmer conditions on average during box), lower (25%) and upper quartiles (75%). The ends of
2002-2005 than the PATHF period of 1985-2001. How- the vertical lines (i.e., whiskers) indicate the minimum and

maximum bias or RMS values in the Black Sea.
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(a) Bias (0C) (b) % Bias area (c) Rms (OC) (d) % Rms area

0 .62%

431.5%

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Figure 6. Statistical evaluation of MODAS, NOAA, and WOA01 climatologies in comparison to the
Pathfinder climatology: (a) Annual mean SST bias, (b) percentage of the region covered by bias values.
(c) RIMS SST difference, and (d) percentage of the region covered by RMS differences.

[31] What accounts for the differences among the obser- climatology are evenly distributed over each sampling
vation-based climatologies, particularly the higher-resolu- interval, the mean sample dates for Pathfinder and
tion Pathfinder and MODAS? Significant differences may MODAS are mid-1993 and mid-1999, giving a difference
arise between the climatologies if SST data are not station- of 6 years. The warming trend over the MODAS sampling
ary over the time periods sampled. In typical construction interval is shown in Figure 7. The slope of the 1993-
of climatologies, SSTs are assumed to be stationary, mean- 2005 linear fit is ':0.0030 C/month. if we extrapolate this
ing that the mean, variance and autocorrelation of the data trend over the Pathfinder sampling period, the expected
are constant over time [e.g., Bendat and Piersol, 2000]. If difference Pathfinder and MODAS SST means would
SST data are stationary, then climatologies formed using equal the SST trend slope multiplied by the difference
different and sufficiently large samples are expected to between the mean sample dates, 0.2°C (i.e., 6 years x
produce a common mean. If the data are not stationary, 0.003°C/month). If instead the slope determined over
temporal differences in sampling are likely to produce 1993-2001 ( '0.008°C/month) were extrapolated over
skewed statistics. For example, we recognize that the the Pathfinder interval, the warm bias of MODAS china-
seasonal variation in SST introduces a nonstationary coin- tology relative to Pathfinder would be even larger, close to
ponent. If a sample results in significantly more summer -0.4°C. The magnitude of the bias introduced by sam-
observations than winter, we would likely produce a warm piing accounts for much of the MODAS warm bias in
bias in our estimate of the mean. The impact of the Figure 6.
nonstationary seasonal variation can be mitigated by bin- [331 These results are consistent with Oguz et a!. [2006],
ning the data by seasons or months, calculating the statistics which uses Black Sea winter SST to identify a cold phase
over these time bins, and determining multi-annual mean from 1980-1994 followed by a neutral period from 1995-

*statistics using equally weighted bin statistics. We assume 1998 and a warm phase beginning 1999. Thus, Pathfinder
that the seasonal sampling has been appropriately balanced included relatively few warm phase measurements, while
in the construction of the climatologies examined in this MODAS incorporated relatively few cold phase samples.
study. We estimate from the original Figure Ia of Oguz et a.

[32] Here, we investigate whether the biases between [2006] that a warm or cool phase differs by 0.250 C from
the MODAS and Pathfinder means may be due to skewed the neutral phase. About 10 years of the Pathfinder obser-
sampling in the presence of a multi-annual warming trend, vations and 2 years of the MODAS observations are from
a trend that introduces a nonstationary component into the the cold phase, while about 3 years of the Pathfinder and
SST time series. The SST data contributing to the Path- 7 years of the MODAS samples are from the warm phase.
finder and MODAS climatologies cover different time The implied temperature difference MODAS-PATHF is
periods (Table 2). Assuming data contributing to each
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extent of land contamination over sea points (Figure 8a).
2For example, a contour value of 0.8 in the land-sea mask

implies that a SST value is 80% contaminated by land
- values (i.e., near-surface temperature) over the ocean grid

point. Land contamination over the ocean can be as much as
1 oil I100% just near the boundaries. The contamination from
-r1  land decreases systematically as one proceeds farther way

2. I from the coast to interior of the ocean. There is no land
_contamination in the regions covered in blue, mainly

.-I M,,hy . located in the interior of the Black Sea. Regions in red
- u.... . represent land. For PATH, all values are over the sea, thus

i91 '194 195 19% 197 1998X 1999 'I*X) '(X)J2 N )N 2X3 4X 2WS there is no land contamination.
[37] Surface temperatures (i.e., soil temperature over land

Figure 7. Monthly SST anomalies from MODAS from and SST over sea) from all NWP-products are shown in
1993 through 2005. Each daily MODAS SST is produced February (Figure 8b) and in May (Figure 8c). The values
by a similar 01 of AVHRR observations. Production of SST from PATHF solely represent SST over the sea, and taken as
anomalies using a combination of 01 and climatologically truth. It is obvious that temperatures over land are typically
corrected persistence balances daily temporal resolution much colder than those over the sea. For example, clima-
with improved transitions in time and space across cloud- tological mean of PATHF SST is >6C in the easternmost
obscured regions to eliminate data voids. The least squares part of the Black Sea in February, and NWP products give
lines are also shown for the time period of 1993-2005 and surface temperatures of colder than -2*C just outside the
1993-2001. eastern coast. Fluctuations on land temperatures are more

than those on SST because the Black Sea is situated deep
-0.25T x [(2/13)-(10/17)] + 0.25C x [(7/13)-(3/17)], within the Eurasian landmass. The cold surface temper-
-,c x [1value of( 0.2T atures over land contaminate SST during the interpolation to

the sea grid, resulting in the NWP products that indicate
SSTs much lower than those from PATHE This is even more

4. SST Accuracy Near the Coastal Regions problematic for NCEPI and NCEP2 products due to their

[34] In the preceding section, we mentioned that SSTs relatively coarse grid resolutions (Table 2). The same prob-
from NWP products are not accurate near the land-sea lem is less severe for the relatively finer NOGAPS, resulting
boundaries. As shown in Figure 4, they are too low in in more accurate SSTs near the land-sea boundaries.
comparison to PATHF SST climatology. We asserted that [38] Given the inaccurate representation of surface tem-
such incorrect values are due to the land contamination of perature near the coastal boundaries as mentioned above,
near-surface temperatures over land areas. Because NWP one question to ask is "how large are SST errors from the
products provide gridded values, there is no discrimination NWP-based SST products in comparison to the PATHF
between land and sea, causing misrepresentation of temper- climatology, depending on the extent of their land-sea
ature over the sea. The focus of this section is to further masks?" We answer this question by repeating the statistical
elaborate on the reasons behind such errors. analysis presented in section 3 within and outside the land-

sea masks. In other words, annual mean SST bias and RMS
4.1. Land Contamination of Surface Air Temperature SST difference over the seasonal cycle are calculated for
on SST two regions: where the land-sea mask for the given NWP

[35] Incorrect SST values from NWP products near the product has a value of only 0, and regions where the land-
coastal regions can mainly be attributed to improper repre- sea mask has a value >0 (Figure 8a). The former represents
sentation of land-sea masks. The ocean and land areas in regions where there is no contamination from land values in
NOGAPS, ERA40, NCEPI, and NCEP2 are defined by a SST, and the latter cover regions where the contamination
land-sea mask. The mask determines whether a particular varies from >0% to 100%.
grid point is land or sea. If the total fraction of a grid cell [39] Mean SST bias and RMS SST difference with
that is land exceeds 50%, then the grid point is classified as respect to PATHF is very small when calculated outside
a land point; otherwise it is classified as a sea point. The the extent of the land-sea mask (Table 5). Thus the NWP
land-sea masks in NOGAPS, NCEPI, and NCEP2 products model-based SST products agree with the PATHF SST
are represented as values 0 (for sea) and 1 (for land). In the climatology in the interior quite well. Such agreement is
case of ERA40, the mask has values between 0 and 1, even true for the coarse resolution NCEPI and NCEP2, with
showing the fraction of land in that grid cell. Thus a value of RMS values of only 0.5*C and 1 C, respectively. When the
0.1 indicates that this point (cell) is 10% land and 90% same calculation is performed within the land-mask, those
ocean, and the ERA-40 actually calculates two different values increase dramatically, becoming 2.9*C and 3.8*C,
values for such grid points. To be consistent with other resulting in 4.8 and 2.8 times increase in the RMS SST
NWP products, we need a mask of zeroes and ones. Thus difference (Figure 9). The increase in the RMS for NCEP2
we picked 0.5 as the cut-off value for our land-masking of calculated within and outside the land-sea mask is not very
ERA40. large in comparison to that for NCEPI. The reason is that

[36] Land-sea mask fields from each NWP center are first NCEP2 already has a larger SST bias with respect to
obtained at their original grids. They are then interpolated to PATHF outside the land-sea mask. Overall, statistical results
a finer resolution (P4 kin) PATHF grid to demonstrate the presented here clearly reveal that all NWP-based SST
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(a) Land-A-a rua,sk (b) Temperature: FEB (c) Temperature: AUG

0
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Figure 8. Land-sea masks (a) along with climatological mean surface temperatures in February (b), and
August (b) in and around the Black Sea. Temperatures within the Black Sea coastline represent SST,
while those outside the coastline are surface temperatures. Similar fields for the Pathfinder climatology
are also included in the last row.

products do indeed agree with PATHF and other observa- [41] A solution for reducing improper representation of
tion-based SST climatologies in the interior reasonably well. SST due to near-surface air temperatures over land near the

coastal regions is to apply a creeping sea-fill methodology.
4.2. Sea-Filled NWP SST Climatologles Kara et al. [2007] gives details of the methodology. Simply,

[40] As demonstrated previously in Figure 8, SSTs from this technique uses SSTs which do not have any land
NWP products may have serious land contamination of contamination, i.e., only those SSTs inside the "blue"
near-surface air temperatures over the land. This could region of land-sea masks (see Figure 8a). These SSTs are
cause problems in forming accurate SST climatologies near then extrapolated into regions near the coast. Note that this
the coastal boundaries. Here, we analyze whether such process is applied at each 6 h time interval, and then a new
incorrect SSTs can be improved to have better agreement climatology is formed in the same way as described in
with observation-based climatologies. section 2.
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" 7 ...... ... ............ ...... .... ................. ..... [44] W e obtain observational SSTs from the International
a 6 Comprehensive Ocean-Atmosphere Data Set (ICOADS),
06 which provides the most extensive collection of surface

5..marine data dating back to 1854 [Worley el al., 2005].
4................................... ICOADS includes SSTs measured by various platforms,

83. .. ... .... .............. .-- . such as ship, drifting buoy, ocean station vessel etc., and we
.92 ..... ........................ begin with all available SSTs during 1854-2007. A list

1 ....... .............. including date of observation, latitude, longitude and in situ
0 SST value was obtained from ICOADS, yielding an enor-

NOGAPS ERA40 NCEPI NCEP2 mous amount of in situ SST (351,821 observations) at
various points in the Black Sea. Observations prior to

S7 .......................... ............ 1942 were excluded since they require significant bias
96 .................................. ... corrections, leaving 266,298 in situ SST on which to base

5 .this analysis. At each point, we then extracted the
4 corresponding climatological SST from each climatological
4 .SST product. For instance, for an in situ SST from ICOADS

.8 3 ............................ ................. ..... ............ .. ..... collected on 1 M arch 1980, we extract the M arch climato-
2 logical value at that location from each climatology. After
S. . .interpolating all of the climatologies to the PATH grid, we
0 simply select the closest pixel to the in situ latitude/

NOGAM ERA40 NCEIB NCEP2 longitude location.

Figure 9. Increase in annual mean SST bias and RMS [45] The standard deviation and mean of these anomalies
SSFdifere.ncrashen theareualc e S ide thand - are then computed for each climatology and provided inSST difference when they are calculated outside the land- Table 6. Relatively large standard deviations around the bias
sea mask versus within the land-sea mask. See also ME and reflects the natural interannual variability of the SST in the
RMS values in Table 5. Black Sea. Overall, the standard deviation around the biases

for the observation-based SST products agree remarkably
[42] As an example, SST climatologies resulting from the well with identical values of t2.3*C. On the contrary, NWP

creeping sea-fill methodology are shown for all NWP products give relatively high standard deviations compared
products in February (Figure 10). The satellite-based to the very large number (266,298) of in situ observations
PATHF is included as a truth since it does not have any (Table 6). For example, NCEPI and NCEP2 have standard
contamination. After applying the creeping sea-fill, some of deviation of >3*C, resulting in an increase of Z30%. This
the land contamination is greatly reduced, especially for analysis further confirms relatively large biases in the NWP-
NOGAPS and ERA40. This can be seen from comparisons based SST climatologies as discussed in sections 3 and 4.
of SSTs in Figure 2a with Figure 10. Some of the major Similar computations were also repeated outside the land-
features of the spatial SST variability, e.g., fronts in the sea mask for NWP products, resulting in lower standard
northwestern shelf, become better evident and more orga- deviations of 2.330, 2.390, 2.47', and 2.61 'C for NOGAPS,
nized from the sea-filled NOGAPS and ERA40 climatolo- ERA40, NCEPI, and NCEP2, respectively. Thus the land
gies. Unfortunately, even after applying the creeping sea- contamination of SST near the coastal boundaries is also
fill, NCEPI cannot still represent realistic SST patterns in evident from the evaluations with respect to in situ data.
the northwestern shelf since its excessively coarse resolu- [46] Many factors, such as the varying depths of ICOADS
tion does not allow proper extrapolation from SSTs in the surface observations and the differing measurement techni-
interior. Similarly, large errors still exist in the sea-filled
NCEP2 because SSTs in the interior are already too cold to Tabl 5. Same as Table 4 but Calculated Within and Outside the
extrapolate appropriate values to coastal regions. Here, it LdS Mask
should be emphasized that while the sea-filled model-based
climatologies are helpful, as in the Black Sea case, they Product Comparison Reion Mean, *C Min, 'C Max, 'C
could still be unable to recover specific and relevant ME, *C
structures inherent to a contrast perhaps due to bottom PATHF versus NOGAPS Within -0.8 -8.5 0.9

Outside 0.4 -1.5 0.9topography or differences in thermal capacity between the PATHF vemus ERA40 Within -0.9 -7.6 0.7
ocean shelf and the adjacent continent. Outside 0.2 0.0 0.3

PATHF versus NCEPI Within -2.4 -10.4 0.5
Outsidc -0.3 -1.1 0.25. Comparisons Against In Situ SSTs PATUF versus NCEP2 Within -3.5 -10.1 0.2

[43] Following the climatology evaluation methods of ins, C Outside -0.9 -3.4 0.2

[Casey and Cornillon, 1999], additional information on PATHF versus NOGAPS Within 1.5 0.3 8.9

the relative performance of the individual climatologies is Outside 0.6 0.3 2.2
gained. These methods use in situ data as the standard of PATHF versus ERA40 Within 1.3 0.3 8.1
comparison and are based on the idea that the best- Outside 0.5 0.4 0.6

devi- PATHF versus NCEPI Within 2.9 0.3 10.9
performing climatologies will minimize the standard Outside 0.5 0.3 1.2
ation of the differences between those in situ data and the PATHF versus NCEP2 Within 3.8 0.3 10.4
corresponding climatological values. Outside 1 0.3 3.4
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3 4 5 6 7 819

Figure 10. SST climatologies from NWP products in February after applying the creeping sea-fill, as
described in the text. The PATHF climatology is also included as a reference data set.

ques, also contribute to the magnitude of values given in [48] We answer many potential questions as follows: (I)
Table 6. However, it is the relative rankings of these What are the main differences among SST climatologies?
standard deviations that are important, not their absolute SST climatologies from multiple observational- and NWP-
magnitudes, in understanding the performance of the cli- based products are obtained or formed. The paper identifies
matologies [Casey and Cornillon, 1999]. The mean differ-
ences are not necessarily useful indicators since the various
climatologies can have different base periods. However, for
climatologies based on similar years, they do provide Table 6. Evaluations of SST Products With In Situ SSTs From

additional information on the performance. ICOADSO for the Whole Black Sea"
Climatology Std. Dcv., 'C Mean, *C

6. Summary and Conclusions PATHF 2.25 -0.31
NOAA 2.28 -0.38

[47] In this paper, we provide a comprehensive analysis MODAS 2.26 0.24
of climatological SST in the Black Sea. Monthly mean SST WOAOI 2.25 -0.46NOGAPS 2.49 -0.24

climatologies formed from a total of eight products are ERA40 2.53 -0.96

evaluated, in detail. Results reveal that all products agree NCEPI 3.07 -1.70
with each other in the interior quite well. In particular, NCEP2 3.23 -2.49
annual mean SST bias for a given SST product is almost 'Standard deviation of the SST differences and mean biases for each
zero in comparison to the finest resolution PATHF clima- climatology are calculated with respect to the inter-annual ICOADS data set
tology. RMS SST difference over the seasonal cycle is from 1942 to 2007. See text for details of ealculations.
typically <IC and even -0.5*C over most of the Black "As in Table 5, similar computations were also repeated outside the land-

Sea. sea mask for NWP products.
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different SST errors and demonstrates differences in effec- izations, and data assimilation methods utilized by the
tiveness for these products. (2) How do observation-based different NWP centers.
climatologies differ from the NWP-based ones? Results [si] Finally, discrepancies among SST climatologies also
clearly reveal some accuracy issues in SST near the coastal demonstrate potential pitfalls in constructing a climatology
boundaries. Any researcher needs to be aware of such errors in the presence of a trend. If SST data are nonstationary, the
before using SSTs for any type of offshore applications over differences between different sample intervals can be
the sea. The land contamination for SST is discussed for aliased into a climatological bias. As explained in the paper,
NCEP, ECMWF and NOGAPS, which have different grid this is the case for MODAS in comparison to other
resolutions. (3) Can a user have more reliable SSTs from observation-based SST products. A similar problem arises
NWP products near the coastal regions? We apply a within a single data set if the data do not uniformly sample
creeping sea-fill methodology to reduce the land contami- shorter variations.
nation, and form monthly climatologies. The validity, suc-
cess and deficiencies of the methodology are presented [52] Acknowledgments. We would like to thank H. Hurlburt and
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